Susceptibility of 4-week-old mice of different strains to lethal murine cytomegalovirus (MCMV) 
Genetically determined variability in susceptibility of different mouse strains to lethal murine cytomegalovirus (MCMV) infection was demonstrated by Selgrade and Osborne (21) and subsequently by Chalmer et al. (5) . The mechanisms responsible for this variability remain to be defined, even though much has already been learned about correlates of resistance among variables such as H-2 type, virus replication in vivo and in vitro, and immune responses. BALB/c and strain A mice are highly susceptible, whereas mice of the H-2k haplotype, such as C3H and CBA, are much more resistant (5) . Mice with the C57BL background are also relatively resistant compared with BALB/c mice, and B1O.BR mice possessing the C57BL background genes and the k haplotype at H-2 are much more resistant than C3H mice (5) . Resistance associated with H-2k is H-2 linked, whereas that present in C57BL mice is not (5) . Thus, at least two distinct resistance traits are genetically determined, and both are apparently operative in B1O.BR mice.
Immune responses that have been associated with resistance include natural killer cell (NKC) and interferon (IFN) responses. Bancroft et al. reported that the magnitude of NKC responses during infection correlated with resistance and interpreted their data as suggestive of a role for NKC in genetic resistance (3) . However, an exceptional mouse strain was B1O.BR, the most resistant but among the lowest NKC responders of those studied. The possibility that NKC responses could be the principal genetic resistance mechanism must be questioned, but elucidation of the true genetic bases for resistance must account for the correlation of NKC responses with resistance in most mouse strains.
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Serum IFN responses to MCMV infection were reported in C3H/He, C57BL/10, B1O.BR, BALB/c, and BALB.K mice (8) . IFN levels in serum at 6 but not 24 h after intraperitoneal virus inoculation were higher in the first three strains than in the latter two. The researchers interpreted these results as indicating the possibility that "genetically determined resistance to MCMV with activation of natural killer cells may have its basis in the genetic control of interferon induction by MCMV." This interpretation was supported by the observation that C3H/He mice were made susceptible and replicated virus more efficiently when injected with anti-IFN serum. However, that interpretation is difficult to reconcile with the findings that BALB.K mice were lower IFN responders but more resistant than C57BL/10 mice, that B1O .BR mice did not produce more IFN than did C3H/He or C57BL/10 mice, and that BALB/c mice were more susceptible but produced as much IFN as did BALB.K mice. Since resistance to lethal infection is linked to H-2k but serum IFN responses at 6 h were not linked to H-2k, the mechanism responsible for this genetic resistance phenotype cannot be directly related to the genes controlling IFN production. However, it does appear that IFN production is genetically determined and that IFN effects are important in the H-2k_linked genetic resistance phenotype of C3H/He mice.
Replication of MCMV in vivo and in vitro is variable in cells of different mouse strains (1) . Allan Quantitation of viral antigen expression in inoculated cultures of MEC was performed by indirect immunofluorescence as described previously (17) . Confluent monolayer cultures of MEC in wells of multiwell tissue culture slides were inoculated with serial twofold dilutions of tissue culture-passaged MCMV and then fixed for testing 18 h later.
Cytotoxicity assays. Chromium release cytotoxicity assays were performed as described previously (17, 19) . NKC cytotoxicity was measured with RBL-5 cells as target cells. Cytotoxic T cells were detected by comparing lysis of MCMV-infected and uninfected MEC derived from mouse strains of varied H-2 type. Selective killing of MCMVinfected target cells matched for H-2 type was considered an indication of cytotoxic T cell activity. Some variability was encountered in comparing susceptibility to infection of MEC from different mouse strains. For preparation of MCMVinfected target cells, an inoculum was used that was in each case sufficient to induce expression of viral antigens, detected by indirect immunofluorescence testing, in 90 to 95% of cells 18 to 24 h after inoculation (17) .
Some NKC assays were performed in the presence of added mouse IFN-P. It was added to the effector cells in wells of microtiter plates for 1 h before the addition of chromium-labeled target cells.
Comparisons were made to evaluate relative NKC responses to MCMV infection 3 days after inoculation with from the test strain divided by LU in spleen cell suspensions from BALB/c mice in the same experiments. RESULTS Lethality of MCMV in different mouse strains. The salivary gland virus pool used for LD50 studies was found to contain 8.5 x 106 PFU of virus per ml by repeated titer determination in BALB/c MEC. This pool was tested for lethality in 4-week-old BALB/c mice on 15 occasions. The geometric mean LD50 from all of these experiments was 105-05 with a range of 104.8 to 105.3 PFU.
C3H/HeN mice were tested in parallel in these experiments. The LD50 obtained by combining all of these results for C3H/HeN mice was 105.82. In each experiment, the LD50 obtained for C3H/HeN mice was approximately 6-to 10-fold higher than that obtained for BALB/c mice. Other mouse strains were always tested in parallel with BALB/c mice, and the relative susceptibility of each strain compared with that of BALB/c mice was approximately constant in each experiment. Cross-bred and backcross mice were always tested in parallel with each other and the parental strains. The results of these experiments are summarized in Table 1 The NKC responses of all the strains tested are summarized in Fig. 1 .BR)Fj mice were similar to C57BL/1OJ, C57BL/6N, and AKR mice. The highest responders were C3H/HeN and CBAIN, both homozygous for H-2k. The activity of BALB/c spleen cell suspensions was always s2.0 LU, whereas that of C3H/HeN mice was always .3.5 LU (Fig. 1B) . Among the (BALB/c x C3H/HeN)F1 x C3H/HeN mice tested, half had an activity of -2.0 LU, and half had an activity of .3.5 LU (Fig. 1C) .
Cytotoxic T cell and antibody responses. We have previously described H-2-restricted cytotoxic T In our studies, (BALB/c x C3H/HeN)Fl mice were found to be as susceptible as BALB/c mice, indicating dominance of H-2d-linked susceptibility over H-2k_linked resistance. Similarly, (BALB/c x B10.BR)F1 mice were as resistant as C57BL/1OJ mice, a result consistent with dominance of H-2d_linked susceptibility over H-2k_linked resistance in these mice but not over the effects of the C57BL background genes. We, therefore, examined (BALB/c x C3H/HeN)Fl x C3H/HeN mice in attempts to determine the number of genes involved in the interaction between H-2k and 1-2 . The mortality rates observed were consistent with those expected for interaction at a single gene locus and significantly different than what would be expected for a multigenic effect.
Virus titers in spleen correlated with susceptibility to infection when each mouse strain was challenged with approximately one-half of the LD50 for BALB/c mice. Very Results reported by others in studies of MCMV infection are also consistent with resistance being determined at the cellular level, independent of functions requiring the intact organism. Differences in levels of virus replicating in spleens of infected mice of several strains were observed by Allan and Shellam (1) . Replication in tracheal organ culture correlates with resistance-susceptibility patterns, according to Nedrud et al. (18) .
It has been proposed that NKC responses may account for the resistance of some mouse strains (1) . The importance of NKC in MCMV infection has been demonstrated in studies in our laboratory and others (19, 21 In addition to spleen NKC responses, we measured NKC and cytotoxic T cell responses in peripheral blood, spleen cytotoxic T cell responses, and antibody responses. Cytotoxic T cell responses in spleens and peripheral blood were of interest because they are apparently critical for recovery from MCMV infection (13, 19) . Undoubtedly, antibodies are also important in MCMV infection. None of these parameters correlated with resistance to infection. Of note was the observation that cytotoxic T cell responses were lower in the most resistant strain, B10.BR, than in other strains tested. Thus, the specific and nonspecific immune responses measured were at best equivalent and usually lower in B10.BR mice than in more susceptible strains.
A variety of patterns of inherited resistance and susceptibility occur with other murine viruses. Inherited resistance of mice to influenza virus is mediated by an IFN response gene termed Mx (9, 15) . The product of this Mx gene has been identified as a 75,000-molecular-weight protein (9) . The Mx gene function has not been found to be H-2 linked. C3H/HeN mice are resistant to mouse hepatitis virus type 2 infection (24) . In that case, resistance relates to limited virus replication in macrophages and is a recessive trait. However, C3H/HeN mice are susceptible to flavivirus infection, whereas C3HRV mice are resistant, and this difference relates to IFN responsiveness (10) . C3HRV mice might provide a very useful model for evaluating the genes involved in responsiveness and the mechanism by which they mediate resistance to MCMV. Mice of the C57BL background are resistant to ectromelia virus and lymphocytic choriomeningitis viruses (4, 23) . In the case of ectromelia virus, unlike the case with MCMV, resistance in C57BL mice appears to be H-2 linked (4). In lymphocytic choriomeningitis virus infections, resistance to acute lethal infection is found in mouse strains that develop weak immune responses to the virus and have less immunopathalogy (23) . In our experiments, B10.BR mice had reduced immune responses which appeared to result from reduced viral replication, whereas in lymphocytic choriomeningitis virus infections, reduced replication does not appear to be the reason for lower immune responses. Although there are some features of these various resistance patterns that are J. VIROL.
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Studies of viral replication in cultured cells to define mechanisms of resistance to replication in the intact organism are only relevant in some cases. For example, in herpes simplex virus infections of mice, in vitro replication in adherent spleen cells corresponds to resistance to footpad but not intraperitoneal inoculation (6) . Susceptibility of cultured cells to viral replication may also change after the cells have been in culture for a period of time. For example, cultured human amnion cells are not susceptible to poliovirus replication until they have been cultured for at least a week (7) . This phenomenon may reflect exposure of cell surface receptors for the virus during that time. Our finding that viral replication was low or not apparent for 2 to 3 weeks in adherent spleen cell cultures was consistent with a similar adaptation process affecting cellular susceptibility to MCMV. However, it is unlikely that cellular resistance was related to density of cell surface receptors for virus in our case since the kinetics of replication was similar in adherent spleen cells from BALB/c mice and in the presence of anti-IFN in adherent spleen cells from C3H/HeN mice. Rather, it is likely that IFN-induced intracellular events restrict replication after virus entry into C3H/HeN target cells. In the case of bacterial viruses, intracellular restriction of viral replication reflects the action of endonucleases (2). It is not known whether a similar mechanism is involved in restriction in eucaryotic cells. However, nucleases or other enzymes involved in nucleic acid synthesis or degradation may be relevant. The effects of IFN are dependent on cellular thymidine kinase activity (16) . In addition, the Mx gene product which is induced by IFN functions by inhibiting influenza viral mRNA synthesis in infected cells, and this restriction has been considered to be consistent with endonuclease activity (15) .
Resistance to the lethal effects of MCMV infection is dependent on multiple host factors. The importance of specific and nonspecific immune responses is most impressive. For examples, T cell-deficient nude mice are likely to die when infected with as little as a single PFU of MCMV, and NKC-deficient beige mice are 1,000-fold more susceptible than their immunocompetent counterparts (3, 22) . In this study, we defined significant additional host factors operative in immunocompetent mice by determining the functions responsible for genetically determined resistance to infection. At least two different mechanisms were found, one of which was dependent on an H-2-linked IFN response gene and one of which was carried by C57BL background genes and was IFN independent. In both cases, the genes functioned to restrict virus replication at the cellular level. Further studies of these genetic functions should clarify the cellular functions required for MCMV replication and the mechanisms by which IFN exerts its effects.
